Some animals, such as the larvae of Drosophila melanogaster, the larvae of the Appendicularian chordate Oikopleura, and the adults of the nematode Caenorhabditis elegans, are unusual in that they grow largely by increases in cell size [1] [2] [3] . The giant cells of such species are highly polyploid, having undergone repeated rounds of endoreduplication [1, 2, [4] [5] [6] [7] . Since germline polyploid strains tend to have large cells [7, 8] , it is often assumed that endoreduplication drives cell growth [4, 5, 9] , but this remains controversial [10, 11] . We have previously shown that adult growth in C. elegans is associated with the endoreduplication of nuclei in the epidermal syncitium, hyp 7 [5, 12] . We show here that this relationship is causal. Manipulation of somatic ploidy both upwards and downwards increases and decreases, respectively, adult body size. We also establish a quantitative relationship between ploidy and body size. Finally, we find that TGF-b (DBL-1) and cyclin E (CYE-1) regulate body size via endoreduplication. To our knowledge, this is the first experimental evidence establishing a cause-and-effect relationship between somatic polyploidization and body size in a metazoan.
Summary
Some animals, such as the larvae of Drosophila melanogaster, the larvae of the Appendicularian chordate Oikopleura, and the adults of the nematode Caenorhabditis elegans, are unusual in that they grow largely by increases in cell size [1] [2] [3] . The giant cells of such species are highly polyploid, having undergone repeated rounds of endoreduplication [1, 2, [4] [5] [6] [7] . Since germline polyploid strains tend to have large cells [7, 8] , it is often assumed that endoreduplication drives cell growth [4, 5, 9] , but this remains controversial [10, 11] . We have previously shown that adult growth in C. elegans is associated with the endoreduplication of nuclei in the epidermal syncitium, hyp 7 [5, 12] . We show here that this relationship is causal. Manipulation of somatic ploidy both upwards and downwards increases and decreases, respectively, adult body size. We also establish a quantitative relationship between ploidy and body size. Finally, we find that TGF-b (DBL-1) and cyclin E (CYE-1) regulate body size via endoreduplication. To our knowledge, this is the first experimental evidence establishing a cause-and-effect relationship between somatic polyploidization and body size in a metazoan.
Results and Discussion
Endoreduplication Controls Body Size Between hatching and sexual maturity, a worm grows in volume by approximately 30-fold [12] ; between sexual maturity and late adulthood, it doubles in size [5] . The cellular behavior responsible for these two growth phases is quite different. In larvae, cells of many somatic tissues proliferate; in adults, none do [3] . In some adult tissues, DNA synthesis continues as nuclei endoreduplicate and become polyploid [5, 6] . We have previously suggested that this process of polyploidization, particularly at hyp 7 (the hypodermal syncytium that covers most of the worm and segregates its cuticle), is not merely associated with adult growth, but drives it [5] . Here we test this hypothesis by manipulating somatic ploidy in several ways.
We began by using a chemical to block endoreduplication in adult worms. We placed hermaphrodites that had just completed their final larval stage (L4/adult moult, around 48 hr posthatching), and therefore somatic cell proliferation, on petri dishes containing 40 mM hydroxyurea (HU), which blocks DNA synthesis by inhibiting the enzyme ribonucleotide reductase [13] . We found that this treatment stopped nearly all hypodermal endoreduplication. In control worms, hypodermal ploidy increased from 7.9 (61.4) C, mean (695% confidence interval), to 11.2 (60.7) C between 48 and 148 hr posthatching; in HU-treated worms, ploidy at 148 hr posthatching was only 8.4 (60.6) C (Table 1) . Consistent with our hypothesis, HU-treated worms were also dwarfed: their final body size (by volume) was 58% that of control worms and their final body length was 81% of control worms (Table 2 and Figure 1A) .
HU-treated worms were nearly completely sterile (data not shown), suggesting that HU strongly inhibits proliferation in the germline. We considered the possibility that the resulting absence of eggs in the body cavities of treated worms might contribute directly to their dwarfism but decided, for two reasons, that this was unlikely. First, we have previously shown that surgical elimination of the germline has the net effect of increasing, rather than decreasing, final body size-the germline apparently being the source of a growth-repressing signal that regulates cell size but not ploidy or cell number [14] . Second, sterile worms (nonablated) also dwarf in response to HU treatment even though they never have eggs: we found that a temperature-sensitive germlinedefective mutant, glp-1(e2141), when raised at 25ºC and treated with HU, is 67% the size of its control, which is comparable to the effect of HU on wild-type worms ( Table 2) .
To eliminate the possibility that HU-treated worms dwarf because they do not eat, we studied their feeding and defecation behavior. We failed to find any significant difference in the rate of pumping between control and HU-treated worms ( s; n = 11, 11; p > 0.3). Since these results exclude the absence of eggs or starvation as the causes of dwarfism in HU-treated worms, we conclude that it is due to the inhibition of endoreduplication. Nevertheless, we cannot exclude the possibility that HU affects biochemical processes other than DNA synthesis, even though none, to our knowledge, have been described.
Next, we asked the reverse question: do increases in ploidy result in an increase in final body size? To answer this, we compared the growth of SP346, a tetraploid strain [15] to RX100, a diploid revertant strain derived from SP346. It has long been known that tetraploid *Correspondence: a.leroi@imperial.ac.uk worms are larger than wild-type, but the effect of genome number on body size has never been carefully measured [15] . We found that the final adult size of 4C hermaphrodites was about 40% larger by volume than their 2C relatives (Table 2 and Figure 2 ). Although this result confirms a causal connection between epidermal ploidy and body size, we expected that the 4C worms would be about twice as large as 2C worms. This expectation was strengthened by the observation that the germ cells of 4C worms are 2.253 larger by volume than those of 2C worms (1.82 3 10 25 versus 8.06 3 10 26 mm 3 ; Figure 2 ). Thus, 4C worms are compensating in some way for their genomic excess. One way in which they might do so is by reducing the number of nuclei embedded in hyp 7, the epidermal synctium primarily responsible for the worm's growth. Although 4C worms have a couple fewer hypodermal nuclei than 2C worms (hyp 7 counts, including seam cells: 4C, 74.6 6 0.5, 10; 2C, 76.3 6 0.5, 10; p = 0.04), as we show below, this difference is too small to account for the compensatory effect. We therefore estimated the ploidy of the tetraploid worms. If their hypodermal nuclei behaved as those of diploid worms, we would expect their final ploidy to be twice that of the diploids, that is, around 22C. In fact, tetraploid worms have final ploidy of 16.7 (61.2) C ( Table 1) . Most of the body size compensation shown by tetraploid worms seems, then, to be due to regulation of hypodermal ploidy.
In summary, experimental increases and decreases in ploidy result in corresponding changes of final body size. We conclude that ploidy is not merely correlated with body size in C. elegans, but controls it. We note that polyploidization cannot directly control the size of all the cells and tissues in growing worms, since many of them remain diploid throughout the life of the worm [6, 11] . Since, however, these tissues also become dwarfed in response to HU treatment, it seems likely that they take their growth cues from the surrounding epidermis or perhaps the gut, which is also polyploid.
Cyclin E Controls Endoreduplication and Body Size
It has been recently postulated that cyclin E is essential for endoreduplication in vertebrates. Double knockout mice for cyclin E1 and cyclin E2 failed to endoreduplicate normally the trophoblast stem cells, resulting in abnormal placenta development and embryo lethality [16, 17] . Similar functions have been observed in Drosophila, where cyclin E has been associated with the endoreplicative cycles of salivary glands [18] . In C. elegans, the cyclin E homolog, CYE-1, is required for S phase progression in proliferating cell lineages [19, 20] ; cye-1 mutants have also reduced intestinal ploidy, suggesting a role in endoreduplication [19] . Although CYE-1 is absolutely required for larval growth, cye-1(0) homozygotes survive to early adulthood by virtue of maternal CYE-1. To confirm that endoreduplication is directly involved in body size, we examined the growth of worms homozygous for the putative null cye-1 mutations ku256 and eh10 [19, 20] . We found that cye-1 mutants have reduced epidermal ploidy and are dwarfed, having 35% to 54% of the size of wild-type worms at 96 hr post-L4/adult moult, reduction comparable to HU-treated worms (Tables 1 and 2) .
We considered the possibility that the dwarfism of cye-1 worms might also be due to a lack of cells. Previous studies have shown that late in larval life, cye-1(0) mutants undergo a failure of hypodermal seam cell proliferation, presumably as their store of maternal CYE-1 protein begins to run out [19] . We confirmed this by counting hypodermal cell numbers in young adult wildtype and cye-1(0) worms: seam cells N2, 15.7 (60.3); To investigate whether this loss of nuclei can account for the dwarfism of cye-1 worms, we carried out further experiments. Many of the nuclei in hyp 7 derive from a series of blast cells, the lateral seam cells, which are visible in the hatchling worm. By laser microsurgery we ablated three of these cells, V3, V4, and V5, on each side of wild-type hatchlings. As adults, these worms had 18-19 fewer hyp 7 nuclei on each side than unablated controls but the same somatic ploidy: unablated controls, 12.3 (60.9) C; ablated, 12.1 (60.8) C, n = 22, 22; p = 0.75. They were also slightly dwarfed (90% as large) compared to unablated or sham-ablated controls (Figure 3 ), but were still much larger than cye-1 mutants despite having far fewer hypodermal nuclei. Given this, we suggest the dwarfism of cye-1(eh10) worms is mostly caused by their low somatic ploidy. We conclude that adult growth in C. elegans requires endoreduplication and is cyclin E dependent.
DBL-1 Controls Body Size via Endoreduplication
The best-known growth control pathway in C. elegans is the DBL-1 pathway homologous to DPP/BMP4 [5, 21, 22] . DBL-1, which is expressed in the ventral cord, seems to control body size primarily by its effects on hyp 7 [23] . Worms homozygous for hypomorph mutations in this pathway show a sma phenotype, that is, they are very dwarfed and have low somatic ploidy but wild-type cell numbers [11, 24] . In particular, DBL-1 appears to be necessary for endoreduplication after the L4/adult moult [5] . It has long been unclear whether the dwarfism of these worms is due to their low somatic ploidy or whether growth and endoreduplication are independently controlled by DBL-1. To answer this, we treated worms homozygous for a null dbl-1 mutation, nk3, with HU. (B) DAPI-stained midgonad of diploid derivative above, tetraploid below. In this experiment, we compared only the largest 25% of the two strains (13 out of 65 worms per strain). This is because the tetraploid strain is unstable, segregating many small and sick, presumably aneuploid, progeny.
These worms, which had turned into adults shortly before treatment and have a hyp 7 ploidy of 7.7 (61.3) C (n = 6), similar to N2 at the same developmental stage (7.9 [61.4] C, n = 9), showed no further decline in endoreduplication or body size (Tables 1 and 2 and Figure 1B) . To confirm the specificity of this interaction, we also examined two other genotypes that also cause dwarfism but are not related to the TGF-b signaling pathway: sma-1(ru18), a b spectrin, and dpy-2(e8), a cuticular collagen. Both mutants are about as small as dbl-1(nk3) but do not have low somatic ploidy. In contrast to dbl-1(nk3), when these worms were grown with HU, they had reduced somatic ploidies and became even smaller: HU-treated sma-1 and dpy-2 worms were, respectively, 61% and 45% the size of untreated worms (Tables 1 and  2 ). The failure of HU treatment to induce further dwarfism is, then, specific to dbl-1(nk3) and not to dwarfism mutants in general. This suggests that DBL-1 and HU control body size by similar mechanisms. Since HU controls body size by its effect on somatic ploidy, we conclude that DBL-1 does so as well. This result does not preclude the possibility that DBL-1 regulates other targets important for growth as well, for example, cuticle structure [25] .
The Quantitative Contribution of Ploidy to Growth
Pooling our results from mutants and chemical treatments, we find that there is a high correlation (r 2 = 0.85) between hypodermal ploidy and body size. Thus, variation in ploidy explains most of the variation in body size among these genotypes and treatments. We further estimate that an adult worm gains an average of 5. [SE]) mm 3 in body size for every unit increase in the mean ploidy of its epidermal nuclei (Figure 4) . The question of why higher levels of ploidy convey larger cells and bodies is a much more difficult one to address, but an obvious possibility is that higher levels of ploidy amplify housekeeping genes such as ribosomal ones, thereby upregulating them [26, 27] . It would certainly be of interest to investigate whether polyploidization occurs uniformly throughout the genome of C. elegans or whether, instead, specific genes are preferentially amplified.
Conclusions
We have shown that three very different experimental manipulations, treatment with a DNA synthesis-inhibiting chemical, germline polyploidization, and loss-offunction mutations in a gene required for cell-cycle progression, all alter the hypodermal ploidy of the adult worm and its final body size. We conclude that the polyploidization of somatic tissues shown by C. elegans is responsible for its adult growth and final body size. Since giant polyploid cells are found in many plants and animals [4, 9] , this may be a widespread mechanism of organ growth. Indeed, our results suggest why several mutations that affect the growth of Drosophila larvae also affect the ploidy of their tissues [1, [28] [29] [30] . Finally, we show that much of the effect of the TGF-b growthregulation pathway on body size in C. elegans is exercised via its control of endoreduplication, possibly via the cell-cycle regulator, Cyclin E.
Experimental Procedures
Strains and Culture Conditions Wild-type C. elegans N2, the tetraploid SP346, and the mutant strains CB4037 glp-1(e2141), NU3 dbl-1(nk3), AZ30 sma-1(ru18), and BE93 dpy-2(e8) were provided by the Caenorhabditis Genetics Center (Minneapolis). MH1220 cye-1(ku256) and KM166 cye-1(eh10) were gifts from M. Han (University of Colorado, Boulder, CO) and M. Krause (Bethesda, MD), respectively. RX100 spontaneously segregated from SP346.
Unless indicated otherwise, strains were grown on agar plates seeded with OP50 and incubated at 20ºC according to standard procedures [31] . In the case of the temperature-sensitive strain glp-1(e2141), worms were grown at 25ºC in order to induce the sterile phenotype. All experiments were carried out growing N2 as a control that the experimental conditions were working as expected.
For the hydroxyurea treatment, hermaphrodites grown in standard conditions that had just completed L4 larval stage (around 48 hr posthatching) were placed on 40 mM HU plates containing a source of OP50 that had been killed under UV light for 1 hr. As a control, worms in the same development stage were placed in UV light-treated OP50 plates without HU. We used UV in order to have similar bacterial lawns between HU and non-HU plates, given the fact that HU inhibits bacterial growth.
Morphometrics
Synchronized worms grown individually on 5 cm Petri dishes were measured from just before HU treatment until approximately 148 hr posthatching, at 24 hour intervals. Images were captured with a video camera (JVC KY-F50) attached to a dissecting microscope (350), and images were analyzed with NIH Image 1.62 software. Volume was estimated assuming a cylindrical body shape. A minimum of two independent experiments was carried out for each strain and treatment.
Hypodermal Ploidy Measurements
Upon completing growth, worms were fixed in Carnoy's solution for a minimum of 24 hr, stained with 0.007 mg/ml DAPI solution [31] , and observed under a Leitz epifluorescence microscope. Nuclei images were collected with a CV-M300 video camera, and images were analyzed with NIH Image 1.62 software. C values of hypodermal nuclei were estimated by dividing their DAPI-based densitometric quantifications by an average of those values from at least 20 ventral cord nuclei in the same microscopic preparations (previously divided by four in the tetraploid SP346 and by two in the rest of the strains used in this paper).
Cell Counts
Young adult worms were anesthetized with 10 mM NaN 3 (sodium azide) and mounted in agar pads [31] . Worms were observed at 31000 amplification under Normaski differential interference contrast (DIC) optics with a Nikon Eclipse E600 microscope. Images were collected with a CV-M300 video camera and analyzed with NIH Image 1.62 software after reconstructing the images with Adobe Photoshop software. Nuclei counts were performed between the post pharyngeal bulb and the V6ppppp seam cell. Bilateral symmetry was assumed and counts were made on one side of each animal only. Sample size was 11-12 worms per strain.
Laser Microsurgery
Hatchlings were synchronized over a period of 1 hr and transferred to an agar pad containing 10 mM NaN 3 as an anesthetic. They were examined under Normarski DIC opticus with a Nikon Eclipse E600 microscope attached, via the epifluorescence port, to a VSL-337ND-S nitrogen laser with a coumarin (440 nm) dye module. In experimental worms, the lateral seam cells V3, V4, and V5 were identified and ablated on each side; control worms were treated identically except for the microsurgery. After manipulation, worms were transferred into NGM plates for recovery. Experimental worms were then examined to determine the success of the surgery; worms that had sustained collateral damage or in which the target cells had not been killed were eliminated. Successfully ablated worms and controls were then placed on individual 5 cm NGM plates, transferred daily, and measured.
Pumping and Defecation Rate Assays N2 hermaphrodites grown in standard conditions that had just completed L4 larval stage were exposed to HU for 4-6 hr. After this period, for pumping rate measurements, control and HU-treated worms were video recorded individually for 20 s under 3100 amplification in a Leitz epifluorescence microscope. Single pumps were scored as a complete backward movement of the terminal bulb grinder. For defecation rate measurements, the number of defecations was counted for each worm for a period of 10 min under a 380 amplification in a dissecting microscope, in control and HUtreated worms. Sample size was 10 worms per experiment.
Statistical Analyses
Means, 95% confidence values, and the graph in Figure 4 were obtained with Microsoft Excel, whereas probability values correspond to paired t tests were carried out with JMP 3.2 (SAS Institute 1995).
